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Abstract-The kinetics of cupric chloride-catalysed autoxidation of L-ascorbic acid has been studied in a 
number of organic solvents. The solvent elfect can be expressed as a linear function of log k us. reciprocal 
of dielectric constant (l/D) or Reicherdt’s empirical parameter of solvent polarity (Er).s The electrical 
conductance measurement shows that ionization of ascorbic acid to ascorbate ion is alfected by the 
solvent polarity. The stability of ascorbatecopper complex seems to be lower in more polar solvents. 
The concentration of the complex combined with one or two oxygen molecules is higher at lower tcmpera- 
ture. The mechanism of the autoxidation is discussed in comparison with that in aqueous solutions.2 

ONLY few reports are available concerning the solvent effects on the oxidation of 
L-ascorbic acid (H,A), e.g. retardation of enzymatic oxidation in acetic acid3 and the 
retardation of copper-catalysed autoxidation in pyridine which forms a complex 
with cupric ion.4 The latter solvent effect is similar to the retardation of meta- 
phosphoric acid or N- or S-containing compounds which complex with copper. 
The rates of oxidation by molecular oxygen,5 or iodine6 or potassium permanganate6 
are lowered in the reaction in a solution of alcohol or acetone, and for this no suitable 
explanation has been offered. 

The authors’ have reported previously the kinetic and mechanistic study of the 
cupric salt-catalysed autoxidation of L-ascorbic acid to dehydroascorbic acid (DA) 
in unbuffered aqueous solutions, where R is -CH(OH)CH,OH. 

+ 40, - H + HxO (1) 

(H,A) (DA) 

The present paper describes the solvent effects on the rate of cupric chloride- 
catalysed autoxidation, and its relation to the mechanism is discussed. 

RESULTS AND DISCUSSION 

Auroxidarion ofascorbic acid in ethylene glycol. The effect of initial concentrations 
of ascrobic acid ([HIA],,), CuCl, and oxygen on the rate at various reaction tempera- 
tures was measured in ethylene glycol as a standard organic solvent. The oxygen 
consumption curves are similar to those of the reactions in water.2 Therefore, the 
reactions in ethylene glycol may also follow Eq. 1. In fact, plots of log [H,A],/[H,A] 
us r give a straight line, where [H,A], and [H,A] denote the concentrations of 
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ascorbic acid at time zero and t, respectively. Pseudo-first-order rate constant (k) of 
Eq. 2 was calculated from the slopes of straight lines. Eq. 2 was also confirmed by 
UV spectrophotometry described in the Experimental. 

d[DA]/dt = k[H,A] (2) 
The effect of the initial concentration of ascorbic acid is shown in Fig. 1. The 

decrease of k value with an increase of [HIA], is observed, although the trend is 
less remarkable than in an aqueous solution. The decrease may be due to the associa- 
tion of the acid or to the transformation of the enolic acid into its keto form and 
the presence of zeroth-order term in the kinetic equation (the second term in the 
right side of Eq. 8).2 

FIG. 1 Effect of initial concentration of ascorbic acid ([H,A],,) on the rate constants (k) for 
its autoxidation in the presence of 2.3 x 10e4M CuCI, at 25”; 0 in water, @ in ethylene 

glycol. 

Ro. 2 Effect of CuCl, concentration on the first-order rate constant for the autoxidation of 
ascorbic acid ([H2A],, = 23 x lo-%) in ethylene glycol at 25”. 



Solvent effect on the autoxidation of L-ascorbic acid 1057 

The effect of [CuCl,] in a range of 2.3 x lo-‘-1-l x lo-‘M with 2.3 x lo-‘M 
initial concentration of ascorbic acid ([H,A],) is given in Fig. 2. It is obvious that 
the rate constant k increases proportionally to [CuClJ up to 1.1 x 10e3M or ca. 
l/5 times of [H,A],. Higher concentration of CuCl, accelerates the reaction and the 
saturation of the solution with CuCl, may cause experimental errors. 

These results together with the effect of oxygen pressure and tempkrature, which 
will be described later, suggest that the reaction in ethylene glycol may also proceed 
by Eqs 3-7 as postulated with an aqueous solution.’ 

associated H,A + H,A$ H+ + HA- (3) 

HA- + Cu(I1) $ [HACu(II)] - @a) 

[HACu(II)]- 5 HA* + Cu(1) (4b) 

HA- + Cu(I1) + O2 > [HACU(II)O,]- (5a) 

[HACu(II)O,] - 2 I-IA. + Cu(I1) + ‘0, - (5b) 

and/or 

HA. 
Base (-H') 

- 
+H+ 

A; = DA + Cu(1) 

HA- + DA(+H,A) 

General solvent e&z. The reaction rates were measured in some other organic 
solvents, e.g. methanol, n-butanol, aqueous ethanol and dimethylformamide (DMF). 
Conversion curves at initial stages for various solvents are similar to those in water 
and in ethylene glycol. Therefore, the rate equation should have the same form as 
that in an aqueous solution.2 

d[,,A],& = 2 K3Dl&Jh + k&d X I?324 
2 CH’I 1 + K364 + &PI P-MI 

(8) 

CH’I 
Here, [Cu]= is the total stoichiometric concentration of copper, p is the partial 
pressure of oxygen, and factor 3/2 corresponds to the effect of hydrogen peroxide 
produced in the oxidation of cuprous ion to cupric ion or in the reaction of radical 
anion bO,-) with a proton CO,- + H+ -+ *02H + 30, + 3H202). The con- 
centration of ascorbic acid remaining was estimated by Eq. 1 by means of the oxygen 
consumption and the concentration was also confirmed by the UV method.’ This 
suggests that hydrogen peroxide is consumed according to Eq. 9. 

$H,A + fH202z+DA + H,O (9) 

The second term on the right-hand side of Eq. 8, K3(K,, + Kg) [H,A]/[H+], may 
be neglected except at higher concentration of ascorbic acid; plots of log [H,A] us t 
gave straight lines, the proportionality of k to [CU]~ being observed in ethylene 
glycol (Figs 1 and 2). Eq. 8 can be approximated to Eq. 10. 

3 K3CCuLWG + k&p) d[DA]/dt = z 
CH’I CH2AI 
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The solvent effect (or polar effect of solvent) on the over-all reaction is presented in 
Fig. 3 in real lines. 
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FIG. 3 Relation bctwccn rate constant (k) or dcgrcc of ionization (zfa) and solvent polarity 
with [H,A], of 2.3 x lo- ‘M in various solvents at 25” : + log k us reciprocal of dielectric 
constant (D), + log k us. ET value, - -@-- logfa vs. reciprocal of dielectric constant, 
- + - logfa us. E, value. 

1, H,O; 2, Ethylene glycol; 3, DMF; 4, McOH; 5, EtOH; 6, n-BuOH; 7,2WA EtOHaq; 
8,500/, EtOHaq ; 9, BP/. EtOHaq. 

Dielectric constant (D) and ET values* of solvents were found effective for the 
presentation of relationship between rate and solvent polarity, while other empirical 
parameters* such as X, Y and 2 values were unsatisfactory. D values of aqueous 
alcohol at 25” are 35.5, 52.5, and 68.5 for 800/,, SOo/, and 20% ethanol solutions, res- 
pectively. These values were estimated by using data of Koelichen,’ Amis” and 
landlt-Boemstein’s Table.’ 1 

Ionization degree of ascorbic acid. The degree of ionization of ascorbic acid (H,A) 
or the concentration of ascorbate ion (HA-), which is the actual reactive species 
(Eq. 4 or 5), was measured by means of electrical conductance. The degree of ionixa- 
tion is not expressed by K3 but by Kobs in which association of ascorbic acid is also 
taken into account. 

K (fca)' f ‘ca2 

Obr=(l -f)c+fil -a)=- 
(11) 
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strength is found in an aqueous solution on addition of KN03,’ and this fact may 
suggest that the solvent effect on Eqs 4b and 5b is small. 

Efict of partial pressure of oxygen. Each constants kq, K4, k, and K, could not be 
estimated independentIy, but k14K14 values for reactions in various solvents were 
estimated by means of Eq. 15 to be 1.05 x l@ for HzO, 2.96 x lo2 for ethylene 
glycol, 5.11 x 10’ for DMF, 1.18 x lo3 for MeOH and 8.41 x lo2 for EtOH. 

Ratio of kSKS to k.&, is also obtained with variation of oxygen pressures (p). 
Experiments were done in water and ethylene glycol with a mixture of oxygen and 
nitrogen keeping the initial total pressure in the reaction vessel to be 1.0 atm, which 
was the sum of partial pressures of oxygen, nitrogen 
results are shown in Fig. 4. 

and vapourized solvent. The 

Temp. 

35” 

k,K,/k.K. (etm - ‘) 

1.86 

30” 1.72 

25” 2.03 

20” 2.52 

!iC in ethvlene olycol _r 35” 0e6 

,/@,v 30” 1 .o 

,A@ @/ 25” 1.2 

,8--S- 

8- @-@-CF20” 
1.8 

Oo 200 400 500 I 800 1 

FIG. 4 Effect of partial pressure of oxygen (p), and values of ksKs/k,K.; 0 in water, @ in 
ethylene glycol. 

The observed linearity between the partial pressure of oxygen and k suggests that 
Eqs 4b and 5b occur simultaneously, and an equilibrium between these two com- 
plexes, i.e. one with oxygen molecules and the other without it, would exist as follows. 

[HACu(II)] - 2X [HACu(II)O,] - (I@ 
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The ratio, k&/k,& in Fig. 4 was calculated by the ratio of the slopes to the 
intercepts of lines. The decrease of the ratio with temperature implies the shift of the 
equilibria of Eqs 5a and 16 to the left sides. Both k5K5 and k,K4 are affected by 
partial pressure of oxygen and temperature more in water than in ethylene glycol. 
This is consistent with the decrease of k14K14 value (i.e. the stability of complex) 
with an increase of solvent polarity under the same conditions. 

Activation parameter. Rate constants at various temperatures gave Arrhenius 
plots which give apparent energies of activation; 15.1 and 14.7 kcal mol- ’ for the 
reactions in water and in ethylene glycol, respectively (Fig. 5). These values are very 
close to the value (14.4 kcal mol- ‘) in aqueous solution at 30-45”.’ 
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FIG. 5 Arrhenius plots for the reaction in water (-o-) and in ethylene glycol (+), 

and the effect of temperature on k,K, (+) or k,K, (-). 

Using values k14K14 and similar treatment, log k5KS or log k4K, us 1/T was plotted 
for the reaction in the aqueous solution, the plots being shown in Fig. 5 ( 0 and CD). 
These two lines have the same slopes as obvious in Fig. 5. This may mean that both 
pathways (4a+b) and (5a-5b) are possible, the energy barriers being similar. This is 
another proof for the mechanism of Eq. 3-7. 

EXPERIMENTAL 

Materiok. Ethylene glycol (b.p. 197”), DMF (b.p. KW), MeOH (b.p. 64.6”), EtOH (b.p. 78.3”) and 
n-BuOH (b.p. 117”) were dried and fractionated by ordinary methods and qualified by the measurements 
of electrical conductances. Other reagents were of the same grade as in the previous report.’ 

Kinetic procedure. The consumption rate of O2 was meawred by the manometric method’ and stoichic+ 
metric Eq. 1 afforded the concentration of remaining ascorbic acid at time r, [H,A]. The values of [H,A] 
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at various times during the oxidation were also cotirmed by UV spectrophotometry. The first-order 
kinetic law with ascorbic acid (Eq. 2) was satisfied. 

UV specfrophotometry.’ The reaction mixture at time t was diluted to ca. 5 x lo-‘M ascorbic acid 
with a buffer consisted of a mixture of 04M KCl and 04N HCl and its absorbance at 244 mp (log E = 4) 
was determined at 20”. It was coofumed that the presence of catalyst copper salts and dehydroascorbic 
acid did not disturb this spectrophotometric estimation. 

Electrical conductance measurements. Resistance of an ascorbic acid solo was measured in an usual 
conductance cell with Pt electrodes (the cell constant of 038 cm- ‘) in p-xyleoc thermostated to 0X)5” 
The combination of an a-c bridge (1000 c/s) and a galvanometer for zero point indicator was employed. 

Acknowledgement-The authors are indebted to Takeda Pharmaceutical Chem. Iod. Co. for their gifi of 
ascorbic acid, and also to Prof. T. Takahashi and Dr. 0. Yamamoto for their aids in electrical conductance 
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